Abstract A multichannel microwave interferometer system has been developed on the HL-2A tokomak. Its working frequency is well designed to avoid the fringe jump effect. Taking the structure of HL-2A into account, its antennas are installed in the horizontal direction, i.e. one launcher in high field side (HFS) and four receivers in low field side (LFS). The fan-shaped measurement area covers those regions where the magnetohydrodynamics (MHD) instabilities are active. The heterodyne technique contributes to its high temporal resolution (1 µs). It is possible for the multichannel system to realize simultaneous measurements of density and its fluctuation. The quadrature phase detection based on the zero-crossing method is introduced to density measurement. With this system, reliable line-averaged densities and density profiles are obtained. The location of the saturated internal kink mode can be figured out from the mode showing different intensities on four channels, and the result agrees well with that measured by electron cyclotron emission imaging (ECEI).
Introduction
Measurement of plasma fluctuation has always been a concern of physicists, as it degrades the overall confinement. Mirnov probes, electron cyclotron emission (ECE) and ECEI, microwave reflectometer and soft Xray arrays are the routine diagnostics for fluctuations measurement on HL-2A. The Mirnov probes are sensitive to magnetic perturbation, but their working areas are limited around the edge of plasma [1] . ECE and ECEI have proved to be powerful techniques to measure electron temperature fluctuations [2] . However, their measurement regions depend on the toroidal field and there are some challenges in cases of high density discharge. The microwave reflectometer is mainly based on the cutoff phenomenon of the microwave propagating in the plasma [3−6] ; however, the density gradient is so small in the core of plasma that it is difficult for the microwave reflectometer to work in this area. The soft X-ray records chord-integrated signals and its intensity is sensitive to the electron temperature, electron density and effective charge. So a diagnostic for density fluctuations in the core of plasma is absent on HL-2A.
Microwave interferometers are a well established technique to measure plasma density and its fluctuation [7−10] . Recently, a four-channel microwave interferometer enabling simultaneous measurement of density and its fluctuation in the core area has been developed on HL-2A. Preliminary results obtained from the latest experimental campaign demonstrate its feasibilities and advantages. This paper is organized as follows: the measurement principle is presented in section 2. Parameter design and system performance are shown in section 3. A phase detection technique and initial results from HL-2A plasmas are presented in section 4 demonstrating successful operation of this diagnostic. The summary is given in section 5.
Measurement principles
The phase shift of the microwave propagating in plasma is given by [5, 6] 
where L is the wave-path in plasma. Consider an electromagnetic wave propagating perpendicularly to the direction of the confining magnetic field (k⊥B) in O-mode polarization (E B), the refractive index
is the cut-off density corresponding to a certain frequency, ω p corresponds to the plasma frequency, e and m e are the electron charge and mass, ε 0 represents the permittivity of a vacuum, n e is line-averaged density and f = ω/2π is the frequency of the probing wave. When the beam frequency is much higher than the plasma frequency, i.e. ω ω p the relationship between the line-averaged density and the phase shift can be given by [11] n e = 1.184
For fluctuation measurement, the phase shift can be written as [12] 
where n 0 is the equilibrium density along the measurement chord, and δn is the time-varying density fluctuation.
3 The multichannel microwave interferometer
Parameter designs
In an interferometry system, the microwave frequency should be higher than the plasma frequency. The typical density on HL-2A is about 6×10 19 m −3 , which corresponds to a cut-off frequency of 68.6 GHz. Although refractive effects limit the operation range, in practical cases it is possible to operate up to n e /n oc 1/3 [11] . One of the problems for microwave diagnostic is the fringe jump effect [13] . It is caused by strong plasma fluctuations, in which the measured phase shows rapid phase jumps. A suitable working frequency is helpful to refrain from the fringe jump. When density fluctuation levels δn/n = (5%, 4%, 3%, 2%, 1%) are assumed, the relationship between microwave frequency and the phase fluctuation can be obtained, shown in Fig. 1 . The phase fluctuation reduces gradually when the microwave frequency increases. This means the higher the microwave frequency, the lower sensitivity to density perturbation will be. Phase fluctuation is smaller than π when the microwave frequency is higher than 75 GHz, which indicates rapid phase jumps can be avoided for the system under the condition δn/n ≤ 5%. HL-2A tokamak is a fusion device with double-null divertors in the vertical direction and this makes it inconvenient to install antennas vertically. So the antennas of the system are installed in a horizontal direction; the measurement region is shown in Fig. 2 . This interferometer system has one launcher in HFS and four receivers in LFS. The microwave propagates from HFS to LFS in plasma. There are four channels marked with Ch1, Ch2, Ch3 and Ch4. Their centers lie in r= 5 cm, 11 cm, 18 cm, and 24 cm, corresponding to inside q=1 surface, q=1 surface, q=1.5 surface, and q=2 surface, respectively, where the MHD instabilities are active on HL-2A. When taking the refraction effect into account, the centers of chord should be r − ∆r. ∆r, which describes the shift of measurement position due to the refraction effect, can be calculated from simulation of the ray tracing. 
System design
Schematic diagram of four-channel microwave interferometer is shown in Fig. 3 . Microwaves A 1 exp(iω 1 t), A 2 exp(iω 2 t) coming from generator 1 (G1) and generator 2 (G2) go through isolators and then are divided into two parts in the directional couplers, respectively, i.e. P1, P2, P3, P4. P1 and P2 come from G1 while P3 and P4 from G2. P2 is mixed with P4 and their down-converted intermediate frequency (IF) signal A 3 exp(i(ω 2 − ω 1 )t) is used as the reference signal. P1 is multiplied six times in an active frequency multiplier and launched into plasma. P3 is also multiplied six times and divided by a 4-way power divider. The four branches are used as the local oscillators (LO) of four mixers and down-converted with the signals from four receivers. Then the phase shift caused by plasma can be obtained from their down-converted signals, i.e. detection signals A 4 exp(i6(ω 2 − ω 1 )t + iϕ). Finally, the detection signals are filtered by low-pass filters with a frequency of 2 MHz, video amplified and then sent to the data acquisition system. 
System performance
To get a wide beam width, a low gain launcher is utilized. The over-sized waveguide is used for the purpose of minimizing the transmission loss. A high output power multiplier is used to increase the received power. Its output power is higher than 22 dBm when the microwave frequency is lower than 105 GHz, and then decreases to 15 dBm with the microwave frequency increasing to 110 GHz. In order to ensure the multipliers work in the best state, the operating points of the system are set at 6 × ω 1 = 102 GHz and 6 × ω 2 = 102.0012 GHz. The measured power is about −12 dBm at Ch1 and −25 dBm at Ch4, when the launched power is 20 dBm in the laboratory test. The power of receivers higher than −20 dBm can be expected during discharge and it is enough for measurement. Phase noise is about 0.125×2π radian and indicates minimum measurable density of 1.5×10 17 m −3 . Its temporal resolution is about 1 µs.
Experimental results

Phase extraction and density measurement
The zero-crossing method is widely used to extract phase shift from the interference signals. In order to obtain the correct phase shift from zero-crossings, the detection signals and reference signal are filtered by the numerical band pass filter with a frequency of 1.1-1.3 MHz, shown as Fig. 4 . To simplify the data analysis, the frequency of the reference signal should multiply six times to the same frequency of the detection signals. A numerical frequency multiplying method is developed. Firstly, we find out the zero-crossings of the reference signal. Then the spacing between two zero-crossings is divided into six parts equally and every node is treated as a new zero-crossing. The value in the middle of two new zero-crossings is set 1 or −1, orderly. Thus waveform Q(sin(ωt)) with the same frequency to detection signals is obtained. Finally, waveform I(cos(ωt)) can also be acquired by making a phase shift of π/2 on waveform Q. The inphase waveform I and quadrature waveform Q will be used as new reference signals, shown as Fig. 5 . 
The lower frequency component in the right hand side of Eqs. (4)- (5) is the phase shift cause by plasma and it can be deduced from Eq. (6). So line-averaged densities can be derived from Eq. (2). Fig. 6 shows the typical density behaviors during gas-puffing and electron cyclotron resonance heating (ECRH). It can be observed that the line-averaged densities increase during gas-puffing. The ECRH begins at t =400 ms and ends at t =750 ms. In spite of gas-puffing for feedback going on, the line-averaged densities descend when the ECRH starts. This is the so called density 'pump out' phenomenon [14] . The phenomenon is relieved when the gas-puffing for control appears at t = 500 ms, and densities come back to the level before the ECRH. When the ECRH is turned off, a strong plasma recycling makes densities increase rapidly from 750 ms to 820 ms. Then densities cut back quickly till t=900 ms because there are no fuelling. The density profile can be obtained from lineaveraged densities measured by the multichannel microwave interferometer and far infrared rays (FIR) laser interferometer through Abel inversion [15] . An eightchannel FIR laser interferometer has been developed on HL-2A [16] . In this campaign, 4 channels have been upgraded for current profile measurement and only 4 FIR densities can be used. For the inversion, n(a) = 0 is assumed, and a row vector n(r) = p 1 r 8 + p 2 r 7 + ... + p 8 r 1 + p 9 is used to fit the data. Fig. 7 shows the density profiles at t = 820 ms. In this shot, the position shift is ∆r i = (0.46, 0.76, 0.66, 0.35) cm, i=1, 2, 3, 4 and ∆r i correspond to the position shift on channel i. The refraction effect is small and good signals are obtained on each channel, so they are not included in the inversion. The density inversed from the FIR laser interferometer is a little higher than that from the microwave interferometer at r <7 cm while it comes to the opposite at r > 7 cm. Their difference is |n MW (r) − n FIR (r)| ≤ 0.075 × 10 19 m −3 . As a whole, the density profile inversed from line-averaged density measured by microwave interferometer agrees well with that from the FIR system. When compared to the profile measured by the frequency modulated continuous wave (FMCW) reflectometer, the discrepancy is relatively great in the edge of the plasma (r >33 cm) because interferometers do not cover the edge region. A saturated mode during ECRH has been observed in shot# 27773. The discharge parameters and characteristic of the mode are given in Fig. 8 and Fig. 9 , respectively. In this shot, four gyrotrons are used. Among them, two gyrotrons are used for heating and the others are used for co-direction electron cyclotron current drive (co-ECCD). The mode has an internal kink structure as can be deduced from the horizontal soft X-ray arrays showing no phase inversion. The MHD instability appears following the onset of the ECRH and maintains about 500 ms till the ECRH disappears. It is not a typical long-live mode (LLM) because the LLM can be suppressed by ECRH [17] . The toroidal magnetic field is 1.22 T and the power deposition of off-axis ECRH locates in the LFS. These conditions have proved to be able to excite an electron fishbone easily on HL-2A [18] . Unlike the conventional fishbone with frequency chirping or jumping behaviors [19, 20] , its frequency is nearly unchanged. This suggests the electron fishbone is saturated; it may closely related to the weakly reversed shear due to co-ECCD [21, 22] . In Fig. 9 , the mode weakens gradually from (b) to (d) and it can hardly be observed in (e). This seems to tell us that the saturated internal kink mode locates at r < 11 cm. The mode number, mode structure and location of kink mode are given by ECEI in Fig. 10 . The mode has an m/n=1/1 structure and rotates in the electron diamagnetic drift direction. It locates between R = 155 cm and R = 175 cm, corresponding to r <10 cm. (The magnetic axis locates at R = 165 cm). This indicates the location of the mode measured by the multi-channel interferometer essentially agrees with that by ECEI. 
Summary
To measure the density fluctuation in the core of HL-2A plasma, a four-channel microwave interferometer based on the heterodyne technique has been developed. The system is characterized by high temporal Fig.10 The kink mode measured by ECEI resolution, low phase noise and being sensitive to density fluctuation. It can operate between 75 GHz and 110 GHz. This helps to get rid of the fringe jump effect when the density fluctuation level in the core area is lower than 5%. Its fan-shaped antenna arrangement is suitable for HL-2A and convenient to expend to more than four channels. Besides, a useful algorithmic method is used to extract phase shift. Utilizing the system, reliable experimental results are obtained. Density profile inversed from line-averaged density measured by the interferometer agrees well with that from FIR laser interferometer and FMCW reflectometer. The saturated internal kink mode shows different intensities on the spectrum of four-channel signals. So the location of the mode can be determined. The microwave interferometer will provide density information together with the FIR laser interferometer and FMCW reflectometer. At the same time, it will play a critical role in studies about plasma physics, especially MHD instability located in the core of plasma.
